Sub-meV linewidth in GaN nanowire ensembles: absence of surface excitons
  due to the field-ionization of donors by Corfdir, Pierre et al.
Sub-meV linewidth in GaN nanowire ensembles:
absence of surface excitons due to the field-ionization of donors
Pierre Corfdir,∗ Johannes K. Zettler, Christian Hauswald, Sergio Ferna´ndez-Garrido, and Oliver Brandt
Paul-Drude-Institut fu¨r Festko¨rperelektronik, Hausvogteiplatz 5–7, 10117 Berlin, Germany
Pierre Lefebvre
CNRS, Laboratoire Charles Coulomb, UMR 5221, 34095 Montpellier, France and
Laboratoire Charles Coulomb, Universite´ Montpellier 2, UMR 5221, 34095 Montpellier, France
(Dated: October 3, 2018)
We observe unusually narrow donor-bound exciton transitions (400 µeV) in the photoluminescence spectra
of GaN nanowire ensembles grown on Si(111) substrates at very high (> 850°C) temperatures. The spectra of
these samples reveal a prominent transition of excitons bound to neutral Si impurities which is not observed for
samples grown under standard conditions. Motivated by these experimental results, we investigate theoretically
the impact of surface-induced internal electric fields on the binding energy of donors by a combined Monte
Carlo and envelope function approach. We obtain the ranges of doping and diameter for which the potential is
well described using the Poisson equation, where one assumes a spatially homogeneous distribution of dopants.
Our calculations also show that surface donors in nanowires with a diameter smaller than 100 nm are ionized
when the surface electric field is larger than about 10 kV/cm, corresponding to a doping level higher than
2× 1016 cm−3. This result explains the experimental observation: since the (D+,X) complex is not stable in
GaN, surface-donor-bound excitons do not contribute to the photoluminescence spectra of GaN nanowires above
a certain doping level, and the linewidth reflects the actual structural perfection of the nanowire ensemble.
I. INTRODUCTION
In contrast to epitaxial layers, single-crystal GaN can be
grown on Si substrates as well as on amorphous substrates in
the form of nanowires with diameters ranging typically be-
tween 30 and 100 nm.1–3 The high crystal quality of GaN
nanowires facilitates the investigation of fundamental as-
pects of these nanostructures by purely optical means, such
as the role of the surface on their spontaneous emission.4–10
These studies have shown that the nanowire surface may af-
fect both the radiative and nonradiative recombination pro-
cesses of excitons.
Concerning the latter process, surface recombination has
been reported to be the dominant recombination process in
GaN nanowires with a diameter of 30 nm or thinner9 de-
spite the fact that the dangling bond states for the nonpo-
lar surfaces of GaN are situated far from midgap.11,12 Re-
garding the former process, both the wavefunction and en-
ergy of electrons and excitons bound to point defects are al-
tered in the vicinity of a surface.13–15 This surface-induced
change of the properties of point defects leads to a distri-
bution of the emission energy of donor-bound excitons in
nanowires5,7 and to a modification of the lifetimes of the
different radiative transitions involved as compared to the
bulk case.5 The pinning of the Fermi level at the sidewalls
of nanowires11,12 adds further complexity to nanowire-based
systems. As shown in Ref. 16, this pinning induces radial
electric fields within the nanowires and is responsible for
their electrical depletion.
The consequences of these surface potentials are mani-
fold. For example, they modify the radiative decay rate
of excitons8,17 and enhance the coupling between free and
bound excitons with profound consequences for the exciton
decay dynamics.18 In (In,Ga)N/GaN nanowire heterostruc-
tures, the interplay between the polarization and surface po-
tentials may lead to a radial separation of electron and holes,
resulting in a dramatic decrease of the internal quantum ef-
ficiency in the blue spectral range.19
To understand these phenomena, a detailed knowledge of
the distribution and the magnitude of surface-induced elec-
tric fields as a function of the doping level (ND) and the
nanowire diameter (φ ) is indispensable. Furthermore, we
need to understand the transition between the single impu-
rity limit for nanowires with a low background doping and
small diameters,9,20 and the bulk-like case of a homogeneous
dopant distribution reached for intentionally doped16 or very
large nanowires.4
In this paper, we present experimental results demonstrat-
ing that very high growth temperatures can induce the incor-
poration of Si into GaN nanowires grown on Si substrates,
but can simultaneously result in a sub-meV linewidth of the
donor-bound exciton transition for the ensemble. To un-
derstand these results, we investigate the role of the sur-
face on the properties of donors in GaN nanowires theoret-
ically. Using a combination of Monte-Carlo and envelope
function calculations, we examine the validity of assuming a
parabolic potential across the section of nanowires. We com-
pute the binding energy of donors in the presence of surface-
induced electric fields and discuss the doping- and diameter
ranges for which neutral surface donors are stable and for
which they are not. We find that neutral surface donors ca-
pable of binding excitons do not exist already for moderate
doping levels (for example, 2× 1016 cm−3 for a nanowire
diameter of 100 nm), which explains the record linewidths
observed experimentally.
The paper is organized as follows. Section II is devoted
to the experimental methods used in this work. In Section
III, the photoluminescence spectra of GaN nanowires grown
on Si at a temperature of 870◦C are presented. In Section
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FIG. 1. (color online): (a) Low-temperature (10 K) photoluminescence spectra of GaN nanowire ensembles grown at 808 and 870◦C on
Si(111) and normalized to the (O0,XA) transition. The values in parentheses indicate the full-width at half maximum of the lines related to
donor-bound A excitons. (b) Evolution of the intensity ratio of the transitions from excitons bound to I1 stacking faults and neutral donors
[I(I1,X)/I(D0,X)] at 10 K with growth temperature. The dashed line indicates the growth temperature above which Si melt-back etching is
systematically observed. The inset shows a cross-sectional scanning electron micrograph of a pit caused by the melt-back etching of the Si
substrate.
IV, we present Monte-Carlo simulations which provide the
range of values for φ and ND for which it is valid to approxi-
mate the radial potential across a nanowire by a parabola. In
Section V, we calculate the binding energy of donors located
at the nanowire surface, in the presence of surface-induced
electric fields. In Section VI, we compare the results of our
calculations with the experiments in Section III. Finally, we
present our conclusions in Section VII.
II. EXPERIMENTAL DETAILS
The nanowire ensembles studied here formed sponta-
neously during plasma-assisted molecular beam epitaxy of
GaN on Si(111) substrates.21–24 The as-received substrates
were etched in diluted (5%) HF for 2 min. Prior to growth,
the substrates were annealed in the growth chamber for
30 min at 880 °C. After this process, the 7× 7 surface re-
construction characteristic of a clean Si(111) surface ap-
peared upon cooling to temperatures below 860 °C. Sub-
sequently, the substrate temperature was set to the desired
value for growth, and the substrate was exposed to the N
plasma for 10 min before opening the Ga shutter to in-
duce the spontaneous formation of GaN nanowires. A se-
ries of samples was prepared using growth temperatures be-
tween 785 and 870 °C. For all samples the active N flux pro-
vided by the radio frequency N plasma source was kept con-
stant at 7.7× 1014 s−1cm−2. In contrast, the impinging Ga
flux provided by a solid-source effusion cell was increased
from 1.8× 1014 to 3.1× 1015 s−1 cm−2 to compensate for
the exponential increase in Ga desorption with increasing
temperature.25 Due to the high Ga desorption rate, the ac-
tual growth conditions were invariably N-rich as required for
the spontaneous formation of GaN nanowires by molecular
beam epitaxy.26 The nanowires thus obtained have similar
average lengths (2–3 µm), mean diameters (70—130 nm),
densities (5×109 cm−2) and coalescence degrees.27
Photoluminescence spectroscopy was performed by excit-
ing these GaN nanowire ensembles with the 325 nm line of
a continuous-wave HeCd laser. The laser beam was attenu-
ated with neutral density filters to a power of about 15 nW
and was focused to a 1 µm-spot using a near-UV objec-
tive with a numerical aperture of 0.45. We estimate that
about 40 nanowires are excited simultaneously. The PL sig-
nal was collected using the same objective and dispersed
by a monochromator with 80 cm focal length and a grat-
ing with 2400 lines/mm. For the current experiment, the
spectral resolution was set to 0.25 A˚(i.e. about 250 µeV).
The dispersed signal was detected by a UV-sensitized liquid
nitrogen-cooled charge coupled device.
III. DONOR-BOUND EXCITON TRANSITIONS FROM A
GaN NANOWIRE ENSEMBLE WITH SUB-meV
LINEWIDTH
Figure 1(a) shows the low-temperature (10 K) photolu-
minescence spectrum of two ensembles of GaN nanowires
formed at a growth temperature of 808 and 870 °C. The spec-
trum of the nanowire sample grown at 808 °C is dominated
3Ve (meV) Ve (meV)
Ve (meV)
1500
500
0 500
50
0
1000
0 20 40 60 80
0
20
40
60
80
 
0 20 40 60 80
0
20
40
60
80
 −50
−40
−30
−20
−10
0 20 40 60 80
0
20
40
60
80
 
0 20 40 60 80
0
20
40
60
80
 
−26
−22
−18
−14
−10
−28
−24
−20
−16
−12
−16
−15
−14
−13
−12
b
c
d
e
(a) (b) (c)
(d) (e)
x (nm) x (nm)
x (nm) x (nm)
y 
(n
m
)
y 
(n
m
)
x
z
y
 
 
 
Ve (meV)
FIG. 2. (color online): (a) Cylindri-
cal GaN nanowire with a diameter of
80 nm and a length of 1.5 µm. The di-
mensions are to scale. Donors are dis-
tributed randomly (red squares) and
exhibit an average concentration of
about 2× 1015 cm−3. The grey ar-
rows indicate the positions along the
nanowire length where the sections
shown in panels (b)–(e) have been
taken. (b)–(e) Potential across the
nanowire section for various positions
along the nanowire length. The po-
tentialVe is color-coded, with low and
high potential values displayed in blue
and red, respectively.
by a line centered at 3.4711 eV originating from the recom-
bination of A excitons bound to neutral O donors on N sites
[(O0,XA)]. The shoulders on the high-energy side of the
(O0,XA) line are due to the emission from B excitons bound
to neutral O donors [(O0,XB)] at 3.4743 eV and from free A
excitons (XA) at 3.4775 eV. The energy position of the free
A exciton confirms that the net strain in our nanowire en-
semble is virtually zero.1,5–7,28 Despite this fact, the (O0,XA)
line exhibits a full-width at half-maximum of 1.2 meV. This
broadening arises from both the microstrain introduced by
nanowire coalescence29,30 and the modification of the energy
and the wavefunction of neutral donors and donor-bound ex-
citons by the surface, as discussed in Refs. 5 and 7.
Figure 1(b) displays a cross-sectional scanning electron
micrograph of the interface between the GaN nanowires
and the Si substrate for a sample grown at a tempera-
ture of 870 °C. A common phenomenon during the high-
temperature growth of GaN on Si is the melt-back etching
of the Si substrate.31 This etching process arises from the
formation of a Ga-Si eutectic alloy and results in the cre-
ation of large pits in the substrate. For our sample series,
we observed these pits for growth temperatures higher than
850 °C.
The photoluminescence spectrum of the sample shown in
Fig. 1(b) is compared to that of the sample grown below
this critical temperature in Fig. 1(a). For all samples grown
above 850 °C, an additional line is observed at 3.4725 eV.
This line corresponds in energy to the recombination of A
excitons bound to neutral Si donors on Ga sites [(Si0,XA)],
suggesting that the melt-back etching of the Si substrate is
accompanied by the incorporation of Si in the nanowires.
The incorporation of Si also manifests itself by an increase
in the emission intensity of excitons bound to I1 basal-plane
stacking faults as shown in Fig. 1(b)]. In fact, the formation
energy for stacking faults in GaN is reduced with increasing
Si concentration as demonstrated theoretically by Chisholm
and Bristowe 32,33 .
Finally, we observe a significant reduction in the linewidth
of the donor-bound exciton lines for all samples grown
above 850 °C. For the nanowire ensemble grown at 870◦C,
full-width at half-maxima of 400 and 500 µeV are measured
for the (O0,XA) and (Si0,XA) lines, respectively. All samples
grown at or above 850◦C exhibit this correlation between the
occurence of Si meltback-etching, a strong (Si0,XA) tran-
sition, and sub-meV donor-bound exciton linewidths. This
finding suggests that the higher donor concentration caused
by the additional incorporation of Si is responsible for the
narrow linewidth of our high-temperature observed for high
growth temperature. To understand this apparently paradox-
ical result, we investigate theoretically in Sections IV and V
the properties of donors in GaN nanowires as a function of
the nanowire diameter and dopant concentration.
IV. SURFACE-INDUCED PARABOLIC POTENTIAL
In this section, we employ Monte-Carlo simulations to
evaluate the potential in nanowires with a diameter φ be-
tween 20 and 200 nm and a donor concentration ND between
1015 and 1018 cm−3. The donors are distributed randomly in
the nanowires and we assume that the nanowires are fully
depleted. Figure 2(a) shows one realization for the distribu-
tion of donors in a nanowire with φ = 80 nm, L = 1.5 µm
and ND = 2×1015 cm−3. The simulated nanowire contains
15 donors.
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FIG. 3. (color online): (a)–(c): Average surface potential for a nanowire with a diameter and a length of 80 nm and 1.5 µm, respectively.
The average doping concentration ND is (a) 1015, (b) 1016, and (c) 1017 cm−3. The nanowires simulated in (a), (b) and (c) exhibit 3, 84 and
709 donors, respectively. The potential Ve is color-coded, with low and high potential values coded in blue and red, respectively. (d)–(f)
Corresponding electric field along the x-axis (black line) across the center of the nanowire as indicated by the horizontal black dashed line
in (a)–(c). The red line shows the result of a fit by Eq. 1. The R-square value characterizes the deviation between the fit and the computed
electric field.
Figures 2(b)–2(e) show the potential across various cross-
sections of the nanowire. The shape of the potential as well
as the magnitude of the electric field across the section of
the nanowire fluctuates along the nanowire length. For such
a low doping density, each individual impurity strongly af-
fects the local potential felt by the electron. In transport ex-
periments such as those reported in Refs. 16 and 34, the elec-
tronic properties of a single nanowire are averaged along the
nanowire length. Accordingly, Figs. 3(a)–3(c) display the
surface potential averaged along the nanowire axis [the z-
axis in Fig. 2(a)] for a nanowire with φ = 80 nm and ND
equal to 1015, 1016 and 1017 cm−3. Figures 3(d)–3(e) show
the corresponding electric field along the x-axis [dashed line
in Figs. 3(a)–3(c)] compared to that expected from the Pois-
son equation for a homogeneous distribution of charges with
a concentration equal to ND in an infinitely long cylindrical
nanowire with diameter φ . For ND = 1017 cm−3, we ob-
tain a good agreement between the computedVe and the pre-
diction of the Poisson equation. For donor concentrations
equal to and larger than this value, the donor distribution
can thus be considered as homogeneous. In contrast, for ND
= 1015 cm−3, there is no longer any correlation between Ve
and the straight line predicted by the Poisson equation. For
low donor concentrations well below ND = 1016 cm−3, the
shape of Ve is sensitive to the detailed distribution of donors
and the surface-induced potential can in no way be repro-
duced by a parabola.
For obtaining a quantitative criterion for the validity of
the assumption of a parabolic potential for each set of values
(ND,φ), we fit the evolution of the electric field across the
section of the nanowire with the following linear regression:
F(x) = Fsurf
(
2x
φ
−1
)
, (1)
where Fsurf is the electric field at the surface of the
nanowire and 0 < x< φ is the position along the x-axis. We
impose the condition that the electric field on the axis of the
nanowire (x = φ/2) is equal to zero for symmetry reasons.
Note that Eq. 1 applies only when the nanowire is fully de-
pleted. For φ > 100 nm, donors situated in the inner core
of GaN nanowires remain most probably unionized16 and
F can be derived using the expressions given in Ref. 34 or
in Ref. 35. We note, however, that there is no significant
deviation between the results obtained by Eq. 1 and the ex-
pressions in Refs. 34 and 35 when φ < 200 nm.
For a depleted nanowire and when surface potentials can
be described by the Poisson equation, the electric field
FPoissonsurf at the surface of the nanowire is:
FPoissonsurf =
qNDφ
4ε
, (2)
where ε = 9.5ε0 is GaN dielectric constant. To grade the
quality of the fit obtained using Eq. 1, we utilize the R-square
metric.36 The R-square is given by 1− SSresSStot , where SSres and
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FIG. 4. (color online): Surface electric field Fsurf as a function
of the nanowire diameter φ obtained using the Poisson equation
for donor concentrations ND of 1015, 1016 and 1017 cm−3 (blue,
green and red solid lines, respectively). These values are reliable
only above the black dashed line, which thus shows the lower limit
for a given set of φ and ND for which the surface potential can be
considered to be parabolic. The black and grey arrows indicate the
φ below which the surface potential is not parabolic when ND =
2×1016 cm−3 and 2×1015 cm−3, respectively.
SStot are the residual sum of squares and the total sum of
squares, respectively. When the R-square value averaged
over ten realizations of the nanowire is larger than 0.9, we
consider that the surface potential in a nanowire with a given
set (ND,φ ) can be described by a parabola.
Our findings are summarized in Fig. 4, which shows Fsurf
as a function of φ predicted by the Poisson equation for
donor densities between 1015 and 1017 cm−3. Below the
dashed line, the R-square values are below 0.9 and the ac-
tual surface potential in the nanowire does not agree with
the result of the Poisson equation for a homogeneous distri-
bution of donors. When φ is decreased from 200 to 20 nm,
ND has to be increased from about 1015 to a value in excess
of 1017 cm−3 for surface potentials in the nanowire to be
correctly described by the Poisson equation. For a nanowire
length of 1.5 µm, this condition corresponds to having more
than 200 donors per nanowire.
The experimental determination of ND is a challeng-
ing task, and consequently only a few values have been
reported.20,34 Pfu¨ller et al. 20 obtained a value of 8 ×
1015 cm−3 from a statistical analysis of the exciton emission
of single GaN nanowires with a diameter below 30 nm. This
optical method is not affected by the considerations above.
On the other hand, Sanford et al. 34 deduced values between
5×1014 and 1015 cm−3 for nanowires with φ ranging from
140 to 700 nm from an analysis of photoconductivity exper-
iments based on the validity of the Poisson equation.34 For
these low donor concentrations, it is clear from Fig. 4 that
Eq. 1 (or similar expressions such as those in Refs. 34 and
35) fails to reproduce the surface potential in nanowires with
φ < 200 nm. It is, however, difficult to anticipate whether
this breakdown of the continuum model leads to an over- or
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GaN nanoslab with a thickness of 100 nm and for a surface electric
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located at the left surface of the nanoslab. The y-scale for | fe|2 is
shown in arbitrary units.
an underestimate of ND in such experiments.
V. BINDING ENERGY OF DONORS IN THE PRESENCE
OF INTERNAL ELECTRIC FIELDS
Photoluminescence spectroscopy is the most sensitive
method for the detection of impurities in semiconductors.
For the case of GaN nanowires, the high sensitivity of photo-
luminescence spectroscopy has been exemplified in Ref. 20,
which reports the detection of the (D0,X) transition even
in single nanowires containing, on average, only a single
donor. Photoluminescence spectroscopy is, however, com-
pletely insensitive to the presence of ionized donors. Be-
cause of the specific ratio of the effective masses of electrons
and holes, the exciton-ionized donor-complex is not stable
in GaN,37 i. e., the presence of ionized donors does not lead
to a radiative transition observable in the photoluminescence
spectra of GaN. Indirect evidence for the coexistence of neu-
tral and ionized donors even at low temperatures has been
obtained in the experiments reported in Refs. 8 and 17.
It is intuitively clear that the electric field associated with
the ionized donors affects the energy of electrons bound to
neutral donors. For flat-band conditions, the presence of the
surface13,14 together with the dielectric mismatch38,39 leads
to a strong site-dependence of the binding energy of elec-
trons to donors in nanowires.15 In particular, the binding
energy of donors at the surface of a thick GaN nanostruc-
tures is approximately 0.6 times that of donors in bulk.15
Since the magnitude of surface-induced electric fields is
much stronger at the surface than in the core of nanowires
(cf. Fig. 3), the properties of neutral donors at the surface of
6GaN nanowires should be affected.
Hence, we next calculate the binding energy of electrons
to donors in nanowires in the presence of a surface-induced
parabolic potential. We reduce the three-dimensional prob-
lem of a donor in a nanowire to a one-dimensional one by
considering the simplified problem of a donor in a slab of
GaN bounded by air. As shown in Ref. 15, the properties of
donors in a nanowire with a diameter φ are well reproduced
using a nanoslab geometry with a nanoslab thickness d = φ .
This fact remains true even when φ is as small as 10 nm.
Regarding the symmetry of the potential for an electron
in a nanoslab and in the presence of a donor, we choose
to set up the problem using cylindrical coordinates. The
Hamiltonian H for an electron with coordinates (ρ,θ ,x)
in a nanoslab and in the presence of a donor is given by:
H =− h¯
2
2me
∇2+Ve(x)+V de (x)+V
self
e (x), (3)
where me = 0.2m0 is the electron effective mass. In Eq. 3,
V de =−
e2
4piε
n=+∞
∑
n=−∞
(
εr−1
εr+1
)|n| 1√
(x−dn)2+ρ2
, (4)
describes the interaction of the electron with the donor
and the image charges of the donor while
V selfe =
e2
4piε
n=+∞
∑
n=−∞,n6=0
1
2
(
εr−1
εr+1
)|n| 1
|x− xn| . (5)
accounts for the electron self-energy. The donor and
its images are on the x-axis with coordinates x = d0 and
x = dn,n6=0, respectively, and xn corresponds to the on-axis
coordinate of the nth image of the electron. The coordinates
dn and xn are obtained following Ref. 40. The potential term
Ve(xe) is the potential across the nanowire section and we as-
sume it to be parabolic. We choose the following trial wave-
function for the electron:
Ψe(x,ρ) =
N
λ
fe(x)e−
ρ
λ (6)
with N being a normalization factor, λ describing the
extent of the electron wavefunction in the plane of the
nanoslab and fe(x) representing the electron envelope func-
tion along the confinement axis. The Schro¨dinger equation
is solved numerically using the effective potential formalism
(for more details, see Refs. 15 and 41) allowing us to de-
duce the electron wavefunction and binding energy for var-
ious values of Fsurf and φ . The electron density giving rise
to such a surface electric field in nanowires can be obtained
using Eq. 2.
Figure 5(a) shows the ground-state wavefunction of an
electron bound to a surface donor for a nanoslab of width
d = 100 nm. The electron wavefunction is formed from
one lobe of a 2p-like wavefunction, in agreement with the
early works of Levine 13 and Satpathy 14 . The binding en-
ergy of an electron to such a surface donor is 17.7 meV, sig-
nificantly larger than the 7 meV predicted by those reports
which neglected the dielectric mismatch at the nanoslab
surface.15,38,39
Figures 5(b)–5(d) show the evolution of the electron
wavefunction for a nanoslab with d = 100 nm and for var-
ious magnitudes of Fsurf. For Fsurf < 5 kV/cm, the electron
remains bound to the donor atom and the 2p shape of its
wavefunction is mostly maintained. For Fsurf = 7.5 kV/cm,
the electron wavefunction starts to spread towards the center
of the nanoslab and its spatial extent increases significantly
[cf. Fig. 5(c)]. For even larger values of Fsurf, the built-in
electric fields dominate over the Coulomb interaction be-
tween the electron and the donor: the electron wavefunc-
tion is centered in the nanoslab, its spreading reduces and its
shape corresponds to a Bessel function of the first kind.
To quantify the change in spatial extent of the electron
wavefunction, we utilize the standard deviation of the elec-
tron position σ = (
∫
x2| fe(x)|2dx− [
∫
x| fe(x)|2dx]2)1/2 as a
function of Fsurf as shown in Fig. 6. When σ is maximum,
the parabolic potential that attracts the electron towards the
center of the nanoslab counterbalances exactly the attrac-
tion exerted by the donor. For d = 100 nm and Fsurf = 0,
σ = 3.7 nm for a surface donor. The maximum value of σ
of 15.2 nm is obtained for Fsurf = 9.5 kV. For even larger
values of Fsurf, the electron is delocalized towards the center
of the nanoslab. The surface donor is therefore ionized. We
note that in the absence of a surface donor, increasing Fsurf
leads to a monotonous decrease of σ .
Figure 7(a) shows the ionization field Fi, defined as the
value of Fsurf that maximizes σ for a given d, as a function
of d. The ionization of surface donors occurs for values of
ND for whichVe is parabolic [cf. Fig. 7(b)]. Second, the evo-
lution of Fi with d is not monotonic: as shown in Fig. 7(a),
the maximum Fi is 28 kV/cm when d= 32 nm. Note that this
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FIG. 7. : (a) Surface donor ionization field Fi as a function of the
nanoslab thickness d (squares). The solid line shows the small-
est possible surface electric field for which the surface potential
is parabolic for a nanowire with a diameter φ = d. The ioniza-
tion of surface donors occurs systematically in a regime where the
surface potential can be computed with the Poisson equation. (b)
Donor concentration ND required to induce a surface electric field
of magnitude Fi as a function of the slab thickness d.
ionization field is three times smaller than that expected for
donors in the bulk.42 When d is decreased below 32 nm, Fi
decreases due to an enhanced interaction between the elec-
tron and the image charges located at the interface of the
nanoslab on the opposite side of the surface donor. In con-
trast, when the d is larger than 32 nm, the interaction of
the electron with all-but-the-nearest of its images becomes
marginal. Therefore, for a given Fsurf, the larger the value
of φ , the larger the potential difference between the center
and the surface of the nanowire, and the smaller will be the
ionization field Fi.
VI. DISCUSSION
As discussed in Section III, the linewidth of the donor-
bound exciton transition measured at 10 K from a GaN
nanowire ensemble formed at temperatures below 850 °C is
comparatively large, namely, about 1–2 meV [cf. Fig. 1(a)
and Refs. 1, 5–7, and 28]. We have shown in Section V that
the nanowire surface leads to a distortion of the donor wave-
function and, in particular, to a change in electron binding
energy. It is safe to assume that the energy of donor-bound
excitons (formed of two electrons and a hole orbiting around
a charged donor43) as well as their recombination energy are
affected in an analogous way. Therefore, even in the absence
of microstrain, the donor-bound exciton transitions is intrin-
sically broadened due to the random distribution of donors
in nanowires.5,7
The result of our present calculations provides further in-
sight into the optical properties of GaN nanowires. First of
all, surface donors in nanowires with φ of the order of 80–
100 nm are ionized when Fsurf is larger than about 10 kV/cm
[cf. Fig. 7(a)]. This field corresponds to donor concentra-
tion of 2× 1016 cm−3 [Fig. 7(b)], a rather typical value for
GaN in general, and close to the values reported by Pfu¨ller
et al. 20 and Sanford et al. 34 for GaN nanowires in particular.
Since the binding energy of donor-bound excitons is a frac-
tion of that of the corresponding donors,44 surface donor-
bound excitons are not stable in nanowires for which Fsurf is
larger than Fi. Second, the large spatial extent of the wave-
function of an electron or of an exciton bound to a surface
donor can also contribute to the instability of these com-
plexes in nanowires. As shown in Fig. 4, for a nanowire
with φ = 100 nm, Fsurf increases from 0.9 to 9 kV/cm when
ND increases from 1015 to 1016 cm−3. This increase in Fsurf
is accompanied by an increase of σ from 3.7 to 13.4 nm (cf.
Figure 6). The volume probed by the electron wavefunction
therefore increases by a factor of nearly 50 as compared to
bulk-like donors. Consequently, for GaN nanowires of mod-
erate doping density, the wavefunction of a surface donor-
bound electron may certainly probe other impurities, e. g.,
neutral donors located at the core of the nanowire, and bind
to them if energetically favorable. Note that this comment
also applies to donor-bound excitons, whose wavefunction
in bulk material is typically two times larger than that of the
electron bound to a neutral donor.43
VII. CONCLUSION
Our calculations demonstrate that surface donor-bound
excitons do not form in nanowires with doping levels ex-
ceeding a certain, diameter-dependent threshold. As a con-
sequence, the ”intrinsic” broadening of the donor-bound ex-
citon transition in GaN nanowires should abruptly disappear
at this threshold for a given nanowire diameter. For a spon-
taneously formed GaN nanowire ensemble with its compar-
atively broad diameter distribution, the transition may be a
gradual one, but we would certainly expect a reduction of
the linewidth of the donor-bound exciton transition upon an
increase of the doping level from low (1015 cm−3) to moder-
ate (1017 cm−3). An abrupt reduction of the linewidth of the
donor-bound exciton transition is precisely what we observe
experimentally for our GaN nanowire ensembles as soon as
Si incorporation sets in at high growth temperatures. Our
calculations thus explain the seemingly conflicting results of
an increased donor concentration and a reduced linewidth.
Assuming that the minimum linewidth of 400 µeV observed
8for the (O0,XA) line of the high-temperature GaN nanowire
is free from surface contributions, these results allow us to
get a glimpse onto the actual structural perfection of GaN
nanowire ensembles. Taking into account the instrumental
broadening of 250 µeV, the linewidth observed corresponds
to a residual inhomogeneous broadening of about 300 µeV,
which is probably due to microstrain generated by the coa-
lescence of adjacent nanowires.27,29,30 In any case, the crys-
tal quality of these spontaneously formed GaN nanowires on
Si is clearly on par with that of free-standing GaN.45
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